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FOREWORD

This report was prepared by Mr. Robert G. Dunn and
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ABSTRACT

The classical equations of detonation in gaseous
mixtures are presented in generalized form involving only
dimensionless quantities. This report sets forth a
comprehensive procedure for the calculation of detonative
Mach numbers and assoclated parameters for any combustible
gaseous mixture,

The use of the method of calculation developed is
illustrated by means of a sample calculation. For this
purpose, calculations are presented for determination of
detonation parameters for a stoichiometric mixture of
hydrogen and oxygen at an initial temperature and pressure
of 180C and atmospheric pressure, respectively.

The calculation method developed 1s readily adaptable
to computations by automatic computing machines as well as
by manually-operated machines.,

Graphs of basic data are presented for use in the
sample calculations, and it is believed that these data
will find practical use in other applications as well.
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L INTRODUCTION

The literature on the subject of detonation in gaseous mixtures dates back more
than seventy years W/ The majority of this literature has
emphasized the prevention of detonation rather than its utilization. In connection with
combustion in propulsive devices, the study of detonation prevention is important be-
cause of the destructive effects which may be associated with uncontrolled detonative

combustion. On the other hand, useful application of detonative type combustion in
propulsive devices appears to warrant consideration.

In the normal combustion processes occuring in the combustion chambers of pres-
ent-day combustion devices, the flame speeds are on the order of 1 to 2 feet per second,
whereas, rates of propagation for stable detonative type combustion are as high as
3000 to 12,000 feet per second for various gaseous mixtures.

In order to be able to reasonably evaluate the possible advantages of detonative
type combustion in propulsion applications, it is necessary to be able to determine the-
oretically the values of all detonation parameters for various gaseous mixtures con-
sidered. under specified initial conditions. Determination of these detonation para-
meters can be accomplished experimentally; however, the necessary equipment is
highly specialized and the techniques involved are not sufficiently developed as yet to
permit the obtaining of values for these parameters readily under all desired initial
conditions,

Methods of calculating detonation parameters utilizing directly the classical deton-
ation equations have been reported by Zeldovich and Ratner 14/ and Edse_l_é/.

In performing calculations of detonation parameters for gaseous mixtures, it was
found to be highly desirable to rearrange the classical (Chapman-Jouguet) detonation
equations into generalized dimensionless form. In this report, the velocity of deton-
ation is expressed in the forn: of the Mach number of the detonation wave relative to the
unburned gases; the heat of reaction is expressed in the form of a dimensionless energy
release function. The other detonation parameters are all expressed as dimensionless
ratios of the quantities before and after the detonation wave, i.e., pressure ratio, tem-
perature ratio, density ratio and molecular weight ratio., Several other dimensionless
quantities are introduced to simplify further the graphical presentation of the generalized
data and to facilitate calculations.

A method is presented in this report for the calculation of detonation velocities
and other detonation parameters for gaseous mixtures. The use of the method of cal-
culation developed is illustrated by means of a sample calculation. For this purpose,
calculations are presented for determination of the detonation parameters for a stoich-
iometric mixture of hydrogen and oxygen at an initial temperature and pressure of
18°C and atmospheric pressure, respectively.

‘NOTE ~ This Technical Note was released by the author for publication in December 1954,
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I. INTRODUCTION

The literature on the lub!ect of detonation in gaseous mixtures dates back more
than seventy years 16 17,18 20 2,23 24/ The majority of this literature has
emphasized the prevention of detonation rather than its utilization. In connection with
combustion in propulsive devices, the study of detonation prevention is important be-
cause of the destructive effects which may be associated with uncontrolled detonative

combustion. On the other hand, useful application of detonative type combustion in
propulsive devices appears to warrant consideration.

In the normal combustion processes occuring in the combustion chambers of pres-
ent-day combustion devices, the flame speeds are on the order of 1 to 2 feet per second,
whereas, rates of propagation for stable detonative type combustion are as high as
3000 to 12,000 feet per second for various gaseous mixtures.

In order to be able to reasonably evaluate the possible advantages of detonative
type combustion in propulsion applications, it is necessary to be able to determine the-
oretically the values of all detonation parameters for various gaseous mixtures con-
sidered. under specified initial conditions. Determination of these detonation para-
meters can be accomplished experimentally; however, the necessary equipment is
highly specialized and the techniques involved are not sufficiently developed as yet to
permit the obtaining of values for these parameters readily under all desired initial
conditions.

Methods of calculating detonation parameters utilizing directly the classical deton-
ation equations have been reported by Zeldovich and Ratner14/ and Edse 15/,

In performing calculations of detonation parameters for gaseous mixtures, it was
found to be highly desirable to rearrange the classical (Chapman-Jouguet) detonation
equations into generalized dimensionless form. In this report, the velocity of deton-
ation is expressed in the form: of the Mach number of the detonation wave relative to the
unburned gases; the heat of reaction is expressed in the form of a dimensionless energy
release function. The other detonation parameters are all expressed as dimensionless
ratios of the quantities before and after the detonation wave, i.e., pressure ratio, tem-
perature ratio, density ratio and molecular weight ratio. Several other dimensionless
quantities are introduced to simplify further the graphical presentation of the generalized
data and to facilitate calculations.

A method is presented in this report for the calculation of detonation velocities
and other detonation parameters for gaseous mixtures. The use of the method of cal-
culation developed is illustrated by means of a sample calculation. For this purpose,
calculations are presented for determination of the detonation parameters for a stoich-
iometric mixture of hydrogen and oxygen at an initial temperature and pressure of
18°C and atmospheric pressure, respectively.

NOTE -~ This Technical Note was released by the author for publication in December 1954,
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lI. DERIVATION OF THE GENERALIZED EQUATIONS IN NON-DIMENSIONAL FORM

Some of the assumptions utilized in this section are introduced along with the pre-
sentation of particular equations. Other assumptions, more general in nature, will be
noted before proceeding with the actual derivation of the equations.

It is assumed that the ideal gas law holds for the reactants and products at the ini-
tial and final conditions, respectively. This is equivalent to the assumption that the
actual temperatures and pressures of the initial and final mixtures in all cases are in
a region where the use of the ideal gas law results in negligible error. For the final
mixture, this is a reasonable assumption in all cases in view of the extremely high
temperatures occuring in detonation. For the initial mixture, this is a reasonable as-
sumption if the initial conditions are sufficiently far from the critical conditions of
pressure and temperature for each component so that compressibility is a negligible
factor. Thus, in all cases where an equation of state has been required for describing
the states of the initial and final mixtures at the initial and final conditions, respec-
tively, the ideal gas law has been used.

The law of additives, which is valid for mixtures of ideal gases, is used to calcu-
late the values of molecular weight (M) and molal heat capacity (Cp) for the initial
and final mixtures.

It is assumed that chemical equilibrium is attained in the detonation wave.

The following equations of conservation across the detonation front are applicable:

Conservation of mass:
A V1 s :%Vz (1)

Conservation of momentum (considering only normal entry into the front):

2 2
2
P1+p'vlsp2+& v, (2)
Conservation of energy:
2
v, P vt P

J+l--o-l+.lh-.le+z+Z (3)

e —_— g —— _ ==

1 2 \ 2 2 Pz

The velocity of sound in the initial and final mixtures, respectively, may be ex-
pressed in the form

2 _ P
3" = Y ‘p{' ’ )
2 R
az = Xz—P-:- . (5)
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The assumption is made here that the adiabatic law holds for infinitesimal changes in

the initial mixture at the initial conditions and in the final mixture at the final conditions.

This is merely the usual assumption made in deriving the expression for the speed of
sound,

Since Ml = Vl/al and Mz = Vz/az. then with equations (4) and (5),

2
2 2. 2. S M)°P|
VéeM© ‘=22 2 | (6)
12
| 7
2
2 2 S MSP,
VzZ = MZ a = ———-——-——P‘ . (7)

By definition, the energy release function is

B = _%‘_ (8)
a
1
From equations (8) and (4),
2. BYP
Jhs Ba.l s ——P_ . (9)
I

From the conservation of momentum, equation (2) and equations (6) and (7), the
pressure ratio across the detonation front may be expressed as

P, . X;Mlz'fl
1 T Mg +1

From the conservation of mass equation (1) and equations (6) and (7),

2
£oo. (M) (_19_) (&) . an
i Mt Xz Pg
and from equations (10) and (11), the density ratio may be expressed in the form

LMt T My +1
% ] .:'IMU""') Te Mc') . e

. (10)
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From equations (12) and (10),

]
P A, Yo Mg . (im® +1) . (13)
P, Py (Xg Mg‘ 'H)‘ x‘, M.’
The equation of state for ideal gases may be expressed in the following form:
P JRT
—ﬁ-’ g (14)

Applying equation (14) to the state conditions before and after the detonation wave, des-
ignated by subscripts 1 and 2, respectively, the following relationship is obtained:

F1 A TiMy,
TZMwl
The dimensionless quantity?——M-;,—- is referred to hereafter as 'the temperature-mole-
15w,

cular weight ratio." From equations (13) and (15), the following expression for the
temperature-molecular weight ratio is obtained:

T, Mw B M2 (T Mi+)
Ti Mwg (Vp M+1)? T M

(16)

The mass and momentum conservation equations ((1) and (2)) have been utilized to
=2 i - _5 Y1 (equations (10), (12)
Py A TIMy,

obtain non-dimensional expressions for

and (16)).

In order to similarly transform the conservation of energy equation (3), consideration
of the internal energy term is required.

The first law of thermodynamics can be expressed as

dq = de +-§— dw . (17)

For the case where the only force acting on the system is a fluid pressure, dw = Pdv,
and equation (17) becomes

dq = de +TPdv . (18)
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Differentiating equation (18) with respect to T, holding v constant, gives the following

relationship:
2] e
(__q_) . _?z__.) . (19
OTNh OT/y
By definition, the specific heat at constant volume is
Oq )
C H ———— ’ 20
v ( OT/v (20)

and it follows from equation (19) that

Cy = (‘%%.‘)v ) (21)

For ideal gases, c, is independent of pressure (or volume) and therefore is a function

of temperature only. Hence, the following expression may be obtained from equation
(21):

de
Cy ® g7 (22)
or de = ¢ dT, (23)
or Ae tfcvdT. (24)

For the internal energy per unit mass before and after passage through the detonation
wave, respectively, equation (24) becomes

T
1
€ - (eo)initial mixture .Z (CV initial mixture dT, (25)
o

T
2
e2 - (eO)ﬁnal mixture .l (cv)ﬁnal mixture dT, (26)
o

where subscripts 1 and 2 refer to the conditions before and after the detonation wave,
respectively, and subscript '"o'' refers to the reference temperature T_. Now, intro-
ducing T, as a mathematical convenience, equations (25) and (26) become
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¢ - (Go)initial mixture * 3‘,1' O(TI - Toh 1Y)

€ (e°)ﬁnal mixture =EV2' O(TZ - Toh (28)
where
'é'vl = the mean specific heat at constant volume for the initial mixture
' 0 between state 1 and the reference state (T,),
E"Z o = the mean specific heat at constant volume for the final mixture

between state 2 and the reference state (T,).

The reference temperature T, will be taken to be absolute zero. In order to facilitate
simplification of the generalized detonation equations, two assumptions will be made
which the authors do not feel will appreciably affect the accuracy of the final general-
ized equations. It is assumed that the internal energy of the initial mixture at the ref-
erence temperature (T, = O°K) is equal to the internal energy of the final mixture at
the reference temperature (‘I‘o = O°K), i.e.,

(eo) (eo)

initial mixture ® final mixture.

The mean specific heats, 'Evl o and -EVZ o’ will be replaced by the point properties

cy, and ¢, , respectively. This latter substitution or assumption will permit expres-
sidn of thejgeneralized detonation equations in terms only of the point properties of the
initial and final mixtures, respectively.

Based on the foregoing statements, equations (27) and (28) may be combined to
yield the following expression for the difference in internal energies across the deton-
ation wave:

- - » Z
e - e s CVZTZ c"lTl (29)

Utilizing equation (29), the conservation of energy equation (3) becomes

2 2
P v P v
Jey, Ty + ) +——+ Jh=Jc, T, + 2 + = (30)
( 2

For the case of ideal gases, from equation (14),

My, Py _wp By
T, * JR —P-;-and T, = IR Pg (31)
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Using equations (31), the energy equaticn (30) may be written

¢y M P, vV, Cy,My, P, V.2
Y1 Wl N1 e ) sonef 2 T2 L \D2,.02 (32)
R ) 2 R Pz 2

Since c,, IMWI = c"l' and CVZMWZ = CVZ' and since, for ideal gases,

R= Cpl - C‘,l = sz - Cvz. equation (32) becomes
c P, V2 c P, v?
(c plc )_1 + L+ Jhs( P2 )__7-. + 22, (33)
Pl Vi Pl 2 CPZ-CVZ Pi 2

and, since X; ] Cpl /C"l’ and x; = CPZ/CVZ' the following equation is obtained from

equation (33):

2 ‘ 2
_X'_. _Pl. + .!L + Jh = % Pe V2 . (34)

Xf'l Pa 2 Yg" &

Equation (34) is the approximate energy equation utilized by D. G. Samaras in his paper
on endothermic and exothermic discontinuities (1 948)“ and involves approximations be-

lieved to be negligible, as discussed above.

From equations (6), (7), (9) and (34), the following equation is obtained:

Y YoM % e M\ R A
'X',l + '2' + ¥, 8 = (T.-'+—_ZJ) PP, (35)

and, from equations (35) and (13),

. ..I.&. M B M .(Yn’“ltﬂ)z_ oM
B-(.x."-l + > ) (YzMg".’l)z .x,ltM'g ‘x;_' 2 (36)

This is a form of the Hugoniot equation, in non-dimensional form, based on the energy

equation (34).
The Chapman-Jouguet hypothesis that the product gases (final mixture) leave the
detonation front at a velocity equal to the local speed of sound in those gases may be

expressed in the form
(37)

MZ= 1.0 .,
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With this substitution, equation (36) reduces to

R AN S ) n B
) me e v

which, upon rearrangement, gives the following simplified expression:

| 2
B -'%--p(%) (‘z"u!n‘,i'”ﬁ) - 7‘-'_-7 . (39)

This is a non-dimensional form of the equation commonly referred to as the Chapman-
Jouguet equation, based on the energy equation (34).

Applying the Chapman-Jouguet hypothesis (equation (37)) to equations {0), (12) and
(16)), expressions for the pressure ratio, density ratio and temperature-molecular

weight ratio across the detonation wave, in non-dimensional form, may be obtained
as follows:

P I

P Te +1

(¥, mi+1) (40)

L, Bt (V-Mn’ )

A T \Y e+l “h
Ta Mw, _ xz . (%, M2 +1)* _ (42)
T My, ) (X'z+l)’ -X; M,

The above three equations, together with equation (39), are the non-dimensional gener-
alized detonation equations which form the basis for calculations and graphical presen-
tations in this report.

Equations (40), (41) and (42) are presented graphically in Figures 6, 7 and 8, re-
spectively. In each of these three graphs, "; Mlz has been made the abscissa. Figure
9 is a plot of Ml2 vse x, M, with lines of constant Y. and is presented merely to show
the overall range of the term 0, Mlz encountered in the detonation of gaseous mixtures.

T,M
27w
The interrelationship between the variables Pz/Pl’ Pz/,q and -W (the de-
2

pendent variables shown in equations (40), (41) and (42), respectively) is presented in
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graphical form in Figure 10. It will be noted that this graph is simply a plot of equa-
tion (15), which is the equation of atate for ideal gases.

III, REARRANGEMENT OF THE CHAPMAN-JOUGUET EQUATION

The Chapman-Jouguet equation, (39), may be rearranged and expressed in the fol-
lowing manner in order to facilitate the graphical presentation and to simplify the com-
putational procedure:

Y. -3

an +(l_z_)’ L - Z(X:-I)B+2 — . (43)

8/ md ¥ (-0

Equation (43) may be simplified by replacing the terms on the left hand side of the equa-

tion by a single symbol, Mlz, and replacing the two terms on the right hand side of

the equation by simple functions of the dimensionless parameters E and F , respec-
tively. The term M, is introduced at this point and is given the name ''pseudo-Mach
number." The parameter E is hereafter referred to as ''the dimensionless parameter
epsilon,' and the dimensionless parameter is hereafter referred to as ''the gamma
function.'" Thus, equation (43) may be expressed in either of the following two forms:

M2 = 2 (¥ -1)B+2 %—-(—%;f—'_'—) , (44)

or
M2 =2 E + 2, (45)
where

M2 = ME+ (—)z £, (46)

E: (%-1) 8, (47)
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m . (48)

It should be noted that equations (43), (44) and (45) are merely rearrangements of the

non-dimensional form of the Chapman-Jouguet equation, based on the energy equation
(34).

I':=

Equations (47), (48), (45) and (46) are presented graphically in Figures 1,
24 3 and 4 respectively. These figures present the non-dimensional Chapman-Jouget
equation in graphical form. Figure 5 is a plot of Tz { V8 Xa with lines of constantx:

and is presented merely to show the overall range of 'Xz/'x; encountered in the deton-
ation of gaseous mixtures.

IV, BASIC DATA REQUIRED

A. Data on heats of formation for the reactants at the initial temperature and pres-
sure, or these data at a standard temperature and pressure in conjunction with

data on the change Cp with temperature between the standard conditions and the
initial conditions.

B. Data on molal heat capacity, Cp(i) , for each component of the initial mixture at
the initial conditions.

C. Data on molal heat capacity, Cp(j)' for each component of the final mixture at the
final conditions in the detonation wave.

D. Data on equilibrium constants for dissociation reactions involving the components
of the final mixture at the final conditions in the detonation wave.

V. DISCUSSION OF THE CALCULATION PROCEDURE

The calculation procedure based on the generalized detonation equations derived
in this report is presented in detail in Appendix I, Immediately preceding this pro-
cedure a complete outline of the steps involved is given in order to facilitate its use.

Indications are that previous methods for calculating detonation parameters have
utilized directly the classical Chapman-Jouguet equations involving dimensional quan-
tities, 13,14,15/ whereas in this report the calculation procedure utilizes gener-
alized equations and non-dimensional parameters throughout.

WADC TN 54-13 10




vt s ot 2 e o gl e

This method of calculation involves a process of successive approximations or a
trial-and-error procedure. This is necessitated by the fact that a direct solution of
the generalized equations is still impractical, if not impossible., The fact that disso-
ciation of the product gases is taken into account in the calculations results in a triple
trial-and-error procedure. This procedure involves the assignment of arbitrary values
to final pressure, temperature and composition and then, by a method of successive
approximations, the values of these quantities are adjusted so that the calculated values
approach the assumed values, Dimensionless quantities and graphical presentation of
the generalized data, as described above, are used to simplify and streamline consid-
erably the calculation procedure. The method presented provides for a rapid conver-
gence of the trial-and-error calculations by simple graphical techniques. The calcu-
lation procedure also provides for continual self-checking of results at intermediate
points throughout the entire calculation, i.e., errors can be detected and discarded
with little loss of time.

Considerable effort has been expended in the preparation of this method to insure
that the information contained therein is clearly understandable to any research scien-
tist who might have occasion to be working in this field (aeronautical, mechanical,
chemical, electrical or propulsion engineer, or chemist). The calculation procedure,
charts and graphs are presented so that even those not experienced in the detonation
field can readily utilize the information presented to obtain accurate values of the re-
quired detonation parameters by routine manual calculation with a minimum of time,
ingenuity, instruction and/or supervision. Where extensive data at different initial
conditions and for various gaseous mixtures are desired, this method is also very
readily adaptable to calculations by automatic computing machines.

VI, DISCUSSION OF THE SAMPLE CALCULATION

A sample calculation utilizing the calculation procedure presented in this report
is given in Appendix III. Calculations are presented for the determination of the de-
tonation parameters for a stoichiometric mixture of hydrogen and oxygen at an iaitial
temperature and pressure of 18°C and atmospheric pressure, respectively.

Results obtained in these calculations (taking into consideration atomic oxygen in
the reaction products and utilizing consistent data throughout for specific heats and
equilibrium constants in the range of the final temperature) indicated a detonation temp-
erature and pressure of 3536°K and 17. 2 atmospheres, respectively, and a detonation
velocity of 8962 ft/sec. Results obtained by this calculation procedure neglecting the
dissociation of molecular oxygen but still utilizing the same consistent data for specific
heat and equilibrium constants gave values of the detonation temperature and pressure
of 3593°K and 17.3 atmospheres, respectively, and a detonation velocity of 8991 ft/sec.*

*This calculation was performed by the authors, but detailed calculatiLns are not pre-
sented in this report.
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Calculated data obtained from literature sources indicate a detonation temperature
and pressure of 3583°K and 18,05 atmospheres, respectively, and a detonation velo-
city of 9203 ft/sec, these values having been calculated neglecting the dissociation

of molecular oxygenl2,13/. The difference between the calculated data presented in
this report and that reported in the literature is probably due to (a) the use of slightly
different specific heat and equilibrium constant data in calculating the detonation par-
ameters, and (b) the simplifying assumptions utilized in deriving the generalized
equations, which apparently did not affect greatly the accuracy of the final results.

Preliminary experimental data obtained by the authors in a one-inch diameter
detonation tube showed very close agreement (approximately 1-1/2%) with the data
calculated by the procedure reported. The experimental value obtained for the deton-

ation velocity was 9100 ft/sec.
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APPENDIX 1

CALCULATION PROCEDURE

Detailed Outline of Calculation Steps
Detailed Calculation Procedure
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For convenience in using this calculation procedure, a detailed outline of the steps

involved is presented below,

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.
Step 7.
Step 8.
Step 9.
Step 10,

Step 11.

Step 12.
Step 13.
Step 14.
Step 15,
Step 16.
Step 17,
Step 18,
Step 19.
Step 20.

Step 21.

Proposed Scheme of Reaction

Setting-Up of the Partial Pressure Equations for Use in the Calculation
of the Composition of the Final Mixture

Solution of the Simultaneous Partial Pressure (pj)‘ Equations in General
Terms

Fixing of the Initial Composition, n;'

Particular Solution of the Partial Pressure (pj) Equations for a Specific
Initial Mixture Composition (n;')

Fixing of the Initial Pressure, Py

Fixing of the Initial Temperature, tl

Calculation of the Properties of the Initial Mixture
Assumption of the Final Pressure, P,

Assumption of the Final Temperature, T,

Determination of Numerical Values of the Equilibrium Constants for the
Dissociation Reactions

Calculation of the Partial Pressures (pj'a) in the Final Mixture
Determination of the Total Number of Moles (nz) of the Final Mixture.
Calculation of the Composition (nj's) of the Final Mixture

Calculation of the Properties of the Final Mixture

Calculation of the Heat of Reaction, A Hp

Calculation of the Energy Release Function, B

Determination of the Value of the Gamma Ratio, X,/ X.

Calculation of the Molecular Weight Ratio, M"’Z/Mwl

Determination of the Value of the Dimensionless Parameter E

Determination of the Value of the Gamma Function, P
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Step 22.

Step 23,

Step 24.

Step 25,

Step 26.
Step 27.
Step 28.
Step 29.
Step 30.

Step 31.

Determination of the Value of the Pseudo-Mach Number (Squared), -ﬁlz

Determinationzof the Value of the Detonative Mach Number
(Squared), M,

Determination of the Value of X; MlZ

Determination of the Value of the Temperature-Molecular Weight Ratio,
ToMy,, /TIMy,,

Calculation of the Final Temperature, T,

Determination of the Value of the Pressure Ratio, pz/p1

Calculation of the Final Pressure, P,

Calculation of the Detonative Mach Number, Ml

Calculation of the Detonation Velocity, D
Calculation of Additional Data

a. Density ratio, Pz/P.
(or Volume Ratio, vl/vz)

b. Initial Density, P (or +)
J 1

c. Final Density, Pz (or -‘712—)

The detailed calculation procedure is presented below and follows the outline given
directly above.

Step 1.

Proposed Scheme of Reaction

Set down initially a proposed scheme of reaction, including all pos-
sible or probable products:

riAA+dBB+...—-+nUU+nvv+..., (49)

u , and nl_ being known quantities, ny and n__ being initially unknown quan-
tities, TEe number of possible products incYuded in this reaction scheme
will depend upon experience and information available on the particular
reaction being investigated.

The calculation procedure should be started on the basis of the above
proposed reaction scheme. After the first calculation of composition,
based on the first assumed temperature and pressure, it may be apparent
that one or more of the products in the proposed reaction scheme is
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present only in negligible amount. If this is the case, then it may be
advisable to modify the above proposed scheme of reaction to eliminate
the negligible constituents before proceeding with the second calculation
of composition.

Step 2. Setting-Up of the Partial Pressure (p;) Equations for use in the Calcula-
tion of the Composition of the Final mixture

a. Dissociation Reactions and Equilibrium Equations

Set down dissociation reactions involving each of the products
included in the above reaction scheme, along with the corresponding
equilibrium equations expressed in terms of the partial pressures
of the constituents. For example, if H,O0, H, and O2 are three of the

components of the final mixture, then

HZO -— H‘2 +1/2 0.2 (50)
and
Oz p"’ K ilibri tant (51)
} t 3 .
p“ o P (HZO) equ1 1Pbrium constan
2

In selecting the dissociation reactions to be used in these calcu-
lations, care must be excercised to insure that the equilibrium equa-
tions obtained are independent equations. Each successive dissocia-
tion reaction written must involve a new component of the final mix-
ture if the corresponding equilibrium equation is to be independent of
the other equilibrium equations. Another factor to be considered in
the selection of the dissociation reactions to be used is the availabil-
ity of equilibrium constant data for particular reactions.

b. Additional Equations Required

The dissociation reactions have provided a number of independent
equations involving the partial pressure of each component of the final
mixture. In order to solve for each of these partial pressures, the
total number of independent equations available must equal the number
of components in the final mixture. Independent equations required
in addition to the equilibrium equations are obtained from (1) applica-
tion of Dalton's Law, i.e., summation of partial pressures, and (2)
application of the law of conservation of mass for each element in-
volved in the proposed scheme of reaction.

WADC TN 54-13 18



c. Summation of Partial Pressures in the Final Mixture

Set down the equation for the summation of the partial pressures
of the components of the final mixture:

d. Conservation of Mass for Each Element

Set down the mass-balance equation stating the conservation of
atomic type for each chemical element involved in the proposed reac-
tion scheme. The number of these mass-balance equations is equal
to the number of chemical elements involved. The law of conserva-
tion of mass yields, for elements F and G, the following two equations:

For element F:

dA'NA*'”BFNB +eee = “UFNU*“V‘NV R (53)
or

z diFNi = 2 nj'Nj . (54)

1 J

For element G:

B, N, NG e NG o N (55)
or

S ;%N = TN . (56)

i i

Divide each mass balance equation by n, (value initially unknown)
as shown below. For element F, the equation obtained is

N:; (57)

1 0y " 8
-E-Z—ZﬂINI.J-n—Z.Nj' (5)
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Substitute into the mass balance equation for each element the
following equality, ohtained from Dalton's Law of Additive Pressures
and the ideal-gas law:

.
8_J (59)
2 P,

This yields a mass balance equation, for each element, in terms of
the partial pressures (pj's) of components of the final mixture. For

element F', this yields the equation

: 1 F Pir
LzaN -3 _pLNj ,‘ (60)
2 1 j 2

and, for element G, the equation

1 6 Py .
_.nzzzfi N = 3 == ‘GNj ; (61)
i j T2
or, rearranging slightly, for element F,
L oo nu'™ =L sorN (62)
n, z P ZPJ )’
i 2
1 )
and, for element G,
1 () 1 e

As stated above, the number of these mass balance equations
(equations (62) and {63)) is equal to the number of chemical elements
involved in the proposed reaction scheme. Any two of the mass bal-
ance equations may be combined to yield an independent equation in
terms of the partial pressures (p.'s), by elimination of n, and P,- For
example, for elements F and G, dividing equation (62) by (63) yields

N Zp "N,

z Y R I 6
Z n N Zp N oo
: v i

* WADC TN 54-13 20



Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

If there are three chemical elements involved in the reaction
scheme, an additional independent equation in terms of the partial
pressures (p.'s) may be obtained by using a new combination of mass
balance equations. If more than three elements are involved, addi-
tional independent equations in terms of the partial pressures may be
obtained in the same manner.

Solution of the Simultaneous Partial Pressure (pj) Equations in General
Terms

Step 2 has provided a number of independent partial pressure equa-
tions equal to the number of components in the final mixture. Solve
these equations simultaneously to obtain a general solution. When the
number of products of reaction is small, this solution of the simultaneous
equations may be accomplished by direct algebraic methods. When the
number of reaction products is large, it may be desirable to utilize meth-
ods of solution such as those reported by Edae,-a-/ Huff and Calvert, 2

Huff and Morrell,g-/ Hershfelder, 10 etc.

Particular solutions for specific initial mixtures (r;) are obtained
from the general solution by fixing the initial mixture composition (Steps
4 and 5).

Fixing of the Initial Mixture Composition, n;

Fix the initial mixture composition, d‘i, at the value to be used
throughout the remainder of the calculations.

Particular Solution of the Partial Pressure (pj) Equations for a Specific
Initial Mixture Composition (n;)

Substitute the numerical value for the initial mixture composition
(rl;j), assigned in Step 4, into the general solution obtained in Step 3, to
obtain a particular solution of the partial pressure (pj) equations for a
specific initial mixture composition.

Fixing of the Initial Pressure, Py

Fix the initial pressure, p , at the value to be used throughout the
remainder of the calculations.

Fixing of the Initial Temperature, ty

Fix the initial temperature, t,, at the value to be used throughout
the remainder of the calculations.

Calculation of the Properties of the Initial Mixture
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a. Mole Fraction, x;
nl
Cur T “
A n B N
or
O T (66)
i1 = LN -
i % n'; nl
b. Molecular Weight, Mwl
Mwl = x|AMW(A) + X'B MW(B) +... (67)
= 2 x'iMw(i) .
i
c. Molal Heat Capacity at Constant Pressure, Cp
1
C 4 x'A C'p(A) + x'B C'p(B) +. L) (68)

P
s zix'i C"p(i) .
d. Specific Heat Ratio (or Molal Heat Capacity Ratio), T,
C C

P Pl

¥ - . ,

(69)

e. Heat of Formation*, A H'f(i)

Calculate the heat of formation of each component of the ini-
tial mixture at the initial conditions.

AH'f(i) = AHfL(i) -H; + z H'e(i) . (70)

If the component "i'' is an element in its standard state of aggre-
gation at ty then, by definition, it is apparent that its heat of
formation AH'f(i) is equal to zero, e.g., & H'f(Hz) and A H'f(oz)

are equal to zero when t; is in a region where hydrogen and

* In this report, the heat of formation is taken to be positive when heat is evolved. If
enthalpy data for this calculation cannot be found in the literature, it can be calculated
readily from available Cp data.
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oxygen are normally diatomic gases.
Step 9. Assumption of the Final Pressure, P,
Assume a value for the final pressure, P, -
Step 10. Assumption of the Final Temperature, TZ
Assume a value for the final temperature, T2 .

Step 11. Determination of the Numerical Values of the Equilibrium Constants for
the Dissociation Reactions

Obtain the numerical values of the equilibrium constant for each of
the dissociation reactions considered in Step 2, at the assumed temp-
erature (T)), either from available data in the literature or by calcu-
lation.

Because of the trial-and-error nature of the overall calculation pro-
cedure, it is advisable to make a plot of equilibrium constant versus
temperature for each of the dissociation reactions in the temperature
range in which T, is expected to be. It is necessary that this be done
at the very beginning of the calculation procedure in order to insure
that consistent data are used and thereby facilitate rapid convergence
of the trial-and-error calculations.

Step 12. Calculation of the Partial Pressures (pj's) in the Final Mixture
Usingthe equation(s) obtained in Step 5 in conjunction with the equil-
ibrium equatioms set forth in Step 2, par. a, determine the numerical
value of the partial pressure (pj) of each constituent of the final mixture,

Step 13. Determination of the Total Number of Moles (nz) of the Final Mixture

Set down the overall mass balance equation for the proposed scheme
of reaction:

n'AMw(A) + n'BMw(B) +e00 = nUMw(U) + “VM'w(V) teee (71)

or
2 i Mwli) = X nMu() . (72)
i J
Substitute in equation (72) the relationship
]
n = P, n, , (73)
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Step 14.

Step 15.

obtained from equation (59); then

n .
2 MiMyh = _p_z_z Pj Myy(j) - (74)
1 2 J
and
? n'iMw(l)
n =P : (75)
PPE e

This gives the total number of moles of final mixture corresponding to
the number of moles of initial mixture shown in the proposed scheme of

reaction (i.e., n'y + n'g +... ).

Calculation of the Composition (nj's)‘

Again using the relationship

s
R X , 73
T, 2 (73

obtained from equation (59), calculate the number of moles (nj) of each
component in the final mixture.

Calculation of the Properties of the Final Mixture

a. Mole Fraction, X;

n P
u _ U (76)

or

x =3 B (77)

b. Molecular Weight, sz

sz = xUMW(U) + vaw(v) teee = szM‘W(J) . (78)
J
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Step 16.

Step 17.

c. Molal Heat Capacity at Constant Pressure, sz

Determine the value of Cp at the above assumed value of T,
2
(Step 10), using values of CPU) obtained from the literature.

sz = xUCp(U) + xVCp(V) teee = zx'icp(j) . (79)

J
d. Specific Heat Ratio (or Molal Heat Capacity Ratio), Yz

C

c
X - P2 _P2 | (80)
C CP'R
2

V2

If Cp data cannot be found in the literature, it can be readily calculated
from available enthalpy data.

e. Heat of Formation¥*, AH'fm

Calculate the heat of formation of each component of the final mix-
ture at the initial conditions.

AH'f(j) e AHfL(j) -H'j + EH'e(j) . (81)

Calculation of the Heat of Reaction, Energy Release per Mole of Initial
Mixture (A& Hp)

ny AH) + ny AH' +... -n'y AH - n'g AH! ..

AH. « DU 27HU) vV 851(v) A S 5a) B 27 {(B) i
R nA+nB +Q0¢

(82)

or
% n; AH'f(j) - %n'i AH'f(i)

AH.R = . (83)

n

Calculation of the Energy Release Function, B

By equations (8), (4) and (31) and by definition of "h'" and AHR,

* See footnote in Step 8, par. e.
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P

L e, P ot <

p . Jn, Mwh o AHR (84)
;'lT %, RT, L RT,
¥
[
Calculate this ratio from values of X, and Xz or obtain from Figure 5.

Step 18. Determination of the Value of the Gamma Ratio,

My,
Mwl

Step 19. Calculation of the Molecular Weight Ratio,

Calculate this ratio from values of Mwl and sz.
Step 20, Determination of the Value of the Dimensionless Parameter E
Calculate K from values of Yz and B or obtain from Figure l.
2
= - 47
E=(¥,-1) 8 (47)
Step 21. Determination of the Value of the Gamma Function, F

Calculate I' from values of X, and Xz or obtain from Figure 2.

1,

T - (48)
Xu (-x;")

Step 22. Determination of the Value of Pseudo-Mach Number (Squared), le

Calculate ﬁlz from values of E and P or obtain fron; Fiéure 3.
M2 =2BE+2[, (45)

or
" 2 Xz -xc
Mt:2(T,-1)B+2 - - (44)
T (%,-1)

Step 23. Determination of the Value of the Detonative Mach Number (Squared), Mlz

Obtain the value of Mlz from Figure 4.

(&/5F

MEz M+ (46)

WADC TN 54-13 26




Step 24.

Step 25.

Step 26.

Step 27.

Determination of the Value of ’6’. Mt

Calculate the value of X; M?2 from values of X', and M,z or obtain
from Figure 9.

Determination of the value of the Temperature-Molecular Weight
T Mw
: 1
Ratio,
TleZ
T2M
Calculate the value of ———1 from values of x; M|2 and Xz
. TIMW?_
or obtain from Figure 8. From equation (42), )
Tz Mw £ ( 2 J
——— T —— 85)
Ti Mw, (Y2 +1) Y M2
Calculation of the Final Temperature, TZ
Calculate the value of T2 from values of , and TI'
M M
1 Mw w1
TZ - . . Tl . (86)

T M
1My, vy

If this calculated value of T, does not check the assumed T, (Step 10),
re-assume T) and repeat Steps 10 through 26. In order to facilitate rapid
convergence between calculated and assumed values, the following pro-
cedure may be used. After two calculations of T,, plot calculated T,
versus assumed T, and draw a line through these two points, intersecting
the 45° line. The value of T, at the point of intersection usually is a very
good indication of the correct value of T, corresponding to the assumed
P, This value of T, should be used as the assumed T, for third trial. A
typical plot is shown in Figure 11,

P
Determination of the Value of the Pressure Ratio, -—E

P

P
Calculate the value of -I;E using the values of X-. and 'X; M.‘ corres-
1
ponding to the final checked value of T, obtained in the trial-and-error

calculations of Steps 10 through 26, or obtain from Figure 6. From
P

P
equation (40), since -I-SE-in numerically equal to —5% ,
1
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2, ! 2
5 Y (G mf+1) . (87)

Step 28. Calculation of the Final Pressure, p,

Step 29.

Step 30.

Step 31.

P2
pz = .p_l ¢ pl . (88)

If this calculated value of p, does not check the assumed p (Step 9), re-
assume p, and repeat Steps 9 through 28 until the calculated and assumed
values agree.

The graphical procedure outlined under Step 26 may be used to facil-
itate rapid convergence between calculated and assumed values of P,

Calculation of the Detonative Mach Number, Ml

Calculate M, from the value of Mlg (Step 23) corresponding to the
final checked values of P, and T, (Steps 26 through 28).

Calculation of the Detonation Velocity, D

Since D= V, = M;a,, then with equations (4) and (14),

D= M, /_:J_K;_Rl . (89)
Mw

1

Calculation of Additional Data
A 1
a. Density Ratio, .2 (or Volume Ratio, —)
A V2
R V1 )
Calculate & (or -;-—) from the final checked values of Y
2 1
TZMW]_ '
and ——— obtained in the trial-and-error calculations of Steps 26
TlM“’Z
through 28, or obtain from Figure 10,
P T ,Mw
P' P] 1Mw,

1
b. Initial Density, —_—
ni ensity p. (or v )
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By equation (14), for the initial mixture,

Mwlpl ’
R * JrTy (%)
. 1
c. Final Density, g (or-‘;z-)
A
Bk o
i
|
|
29
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APPENDIX II
GRAPHS OF BASIC DATA--

EQUILIBRIUM CONSTANTS AND
MOLAL HEAT CAPACITIES
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. As pointed out in the Calculation Procedure in this report, it is desirable that
consistent data on equilibrium constants and molal heat capacities be available. Since
the sample calculation presented in this report (Appendix III) is for a stoichiometric
hydrogen-oxygen system, the necessary equilibrium constant data and molal heat cap-
acity data for this system are presented in this appendix.

Values of the equilibrium constants (K 's) as a function of the absolute tempera-
ture for H,O, H, and O, are presented graphically in Figures 12 through 15, respec-
tively.

Values of the molal heat capacities (Cp's) as a function of absolute temperature
for H,0, H,, O, and OH are presented graphically in Figures 16 through 19, respec-
tively.

The range of temperature in all these figures extends from 2000° to 5000°K, and
it is expected that this range will cover all cases to be encountered in the detonation
of gaseous mixtures.

In each of the figures described above, a smooth curve was drawn through the
data plotted in order to insure that consistent data would be available for the trial-and-
error calculations.

It is believed that these graphs of basic data described above will find practical

use in other applications, particularly in other combustion calculations where trial-
and-procedures are involved and where consistent thermodynamic data are essential.
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APPENDIX III

SAMPLE CALCULATION
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CALCULATION OF DETONATIVE MACH NUMBER AND ASSOCIATED PARAMETERS
FOR H, - Oz MIXTURES 2

The step numbers used below are the same as those given in the calculation pro-
cedure outlined in Appendix I.

Step 1. Proposed Scheme of Reaction
n'4A + n'gB=*nyU + nyV + nyW + nyX + nyY + ngyZ (92)
or, specifically. for HZ - Oz mixtures,
n'“z Hy+ na: o;,—* ano HO + nHsz + nogOt + ng,OH + ny/H + n,O . (93)
Step 2. Setting-Up of the Partial Pressure (pj) Equations

a. Dissociation Reactions

(1) H0 === H, + %oz (94)
[}
By - B
Kpmzo) — P : ' (95)
20
(2) H,0 === %HZ + OH (96)
ot . P
A = 2 - oM (97
(ng0) P"go |:
(3) 3H, =—=*H (98) |
P
Kp = . T ° (99)
(llg, P”z!
49 30, =0 (100)
Kp s -——{-po . (101) :
(Oa) Pot |
|

b. Summation of the Partial Pressures in the Final Mixture

Pyt Py + Pyt Pyt Pyt Pz.zpj'P: ’ (102)
J

WADC TR 54-13 33 |



or, specifically, for Hy - O, mixtures,

Pugo + Pug *+

c. Conservation of Mass for Each Element

P+ P+ Pyt Beh, . (103)

Using equation (64),

Zn'N p. 'N
a1 L_j_ ) (64)

K ) L ]
n, N N,
? i i z,: pj J

and taking elements F and G to be O, and H,, respectively, then

Nog  Pugo + 2P + Py + B

: 3 L] (104)
L 2Pypo + 2Py, + Poy + Py
or
Nog Vo 4 Nog . No, +(n‘o, l) _ 0. (105)
( -n—,;-) ot 2o Pugt ot Put (=) ow 2RO

Step 3. Solution of the Simultaneous Partial Pressure (pj) Equations in General
Terms

Step 2 has provided the following six independent partial pressure
equations, which are sufficient to determine the partial pressures of each
of the six components in the final mixture.

!

Pue Poot ~
Kp, = —r -t (95)
“'lgO) szO
L
K‘p = Hp oM , (97)
(Hg0) puzo
p"
Kp = —— Y (99)
{(Mg) pu’!'
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Po

Kn 3 , (101)
p(O.’ p°g!
pngo + p"z <+ poz + pou + p“ + po = pz [) (103)

n'o, My Mo o
( n.ﬂg ') p“’°+ 2 n' 2 p"g * n‘"g p"+ (n'ﬂg / pOH 2p°3 po- 0. (105)

Rearranging equations (95), (97), (99) and (101),

K P 2
P, = ( Pingor "‘°> , (106)
2 p”g
P Pu,o
Poy * {H20) — (107)
P“z!
. i
P ® Ping) "Wz ' (108)

K K
p P Y
p‘i . (0g) (Hg0) "HgO ’ (109)

P=K
0 p(o;) O P

and substituting these relationships into equations (103) and (105), re-
spectively, the following two independent quadratic equations in terms
of two variables, p" and p, , are obtained:

20 We

K
( pmw') (p‘“#& ..._p‘!ﬂﬁ.'!tl’...)p"zo... (p .+ K, ,p i P,)=O, (110)

K K K
"mgo’)‘ e | Pon Puyor KPugor _ ]
( Pug e [ Py (n"’ ) p":f o (111)
oy e\
- 2 (e ey ) o
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Step 4. Initial Composition

For the purpose of this sample calculation, a stoichiometric mix-
ture of hydrogen and oxygen will be considered, the initial composition
being given by

1 ]
ﬂ“:H' + “o.oz N (112)
where ' ' '
n“:=| ond nog = 3,
1

Step 5. Particular Solution of the Partial Pressure (pj) Equations

From the values for initial composition given in Step 4,

nl
o
— 2 = L. (113)

ny 2

2

Substitution of the numerical value of this ratio into the general partial
pressure equations (Equations (110) and (111)) obtained in Step 3 yields
the following particular solution for a stoichiometric mixture of hydrogen
and oxygen:

Kp(!)z 2 Kpc ) K"t,x K;’c )
HeO 02 HeO H20 *
( > Puo +< M '> Pugo
He
2/ =0

p P
He He . (114)
+ (p"z + Kp("z, p“z - p )
and
K 2 K K K
Pinoe0 Piog) "Pngo) p(ﬂq’

2(_93_) Pugo* P ¥ Prao
"! Ht ' 2 p“;r |
|

'

- (9“’ +%Kpmt) P T )= 0. (115) l
|
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Step 6. Initial Pressure

For the purpose of this sample calculation, the initial pressure is
fixed at 1 atmos., i.e,,

P 1 atmos.

1

and

P 1.0133 x 106 dynes/cm?.

1
Step 7. Initial temperature

For the purpose of this sample calculation, the initial temperature
is fixed at 18°C, i.e.,

[- ]
tl = 18°C.

Tl = 291°K.

and

Step 8. Properties of the Initial Mixture

a. Mole Fractions

n

X'“ z Me H ' : 2
¢ § R H
Y L
|
' n.o £} |
x s 2 - ———— = g
0
t o on+N,, r+1 37
b. Molecular Weight
’ ]

= (%) (2.0160) + (%4) (32.000)

s 12,0107,
c. Molal Heat Capacity

At 1:1 = 18°C.,

Cp, . =6.88- ca1/(gm mole)(°K);
(”')
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C'p‘o‘) s 7.01 -Ucal/(zm mole)(*K);

¢

cp, ® "'n cP(u,» + "o, cP(o,)

s (2/3)(6.88) + (1/3)(7.01) = 6.9233.
d. Specific Heat Ratio

¥ . Cp) _ 6.9233
\ C

p, - R = §.9233-1.98719 * 1.4026.

e. Heat of Formation AH' £(i) of Each Reactant at the Initial Conditions

By definition of A H' £(i)* the heat of formation of an element

(in its standard state of aggregation) at t, is equal to zero.

Therefore,
' =20.0;
fing)
AH 20.0
f(Oz)

Step 9. Initial Assumption for P,

P, *® 20.00 atmos.
Step 10. Initial Assumption for T,

T, =3800°K.

Step 11. Determination of Numerical Values of the Equilibrium Constants for the
Dissociation Reactions

From Figures 12 through 15,

Kp(”to, = . 3758 (atmos)? at T, = 3800°K., *

K.p _y 5984 (atmos)"/® at T, = 3800°K. , #*
(“'o

* This value also obtainable from Ref. 8, Table 4, by graphical interpolation.
** This value also given in Ref. 7, page 25.

WADC TN 54-13 38



Kp ® 1.107 (atmos]’® at T, = 3800°K.
(ng)
/2 -
Kp(oﬂ = 1,032 (atmos)’® at T, = 3800° K, **
Step 12. Calculation of the Partial Pressures (pj's) in the Final Mixture

Referring to equations (114) and (115), let

K 2
C|| H (—g—(p!ﬁ) ’ (116)
He
K K K|
Ceo = ( Plog) "Pungor o _Piuge) |>. (117)
p"z pu;*
[}
Ca s (B, * Kpuy P ~ B w1e)
K 2
ky = 2(‘:;——"—"”—) = 2 Cy, (119)
He
K Kp - K
Ky s ( Piog) "Pugor p(nz_c:_)_>’ (120)
p“z Z-D‘Hz'f
and
s - 1
LI (p"z + ZKp(nz) p”j') ’ (121)

Then, from equation (114),

‘ 2
-Ce ¥ \[c,, - 4Cy Cps
p“zo s r (122)
2¢y
* This value also given in Ref. 7, page 25.
** This value also given in Ref. 6.
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gt e 4

and, from equation (115),

~kg t \/ kg —ak, kg
Pugo 2k, (123)

For the solution of equations (122) and (123), values of Pug have been
assumed, as indicated in Table 1. These values of P, in conjunction

with the values of the equilibrium constants (Step 11) and the assumed
final pressure (Step 9) have been used to determine the values of the con-
stants cy), ¢}, €13, and kj;, kj,, kj3 (Equations (116) through (121)).
Equations (122) and (123) were then solved to obtain two values of Py,q .
indicated in Table 1 as p“'o (Equation (122))and pnzo(Equation (123)). The

difference between these two values of Pugo is designated in Table 1 as
APngo * The values of APygo obtained were plotted as a function of the
assumed pu‘ (Figure 20). After two trials (i.e., two assumed values

of Pug ), the value of Pyp at the point where the curve crossed the Ap“:o:O
line, was taken as the assumed Pup for the following trial. The fourth
trial gave sufficiently accurate values of p”. and p”go to satisfy both equa-

tions (122) and (123), (An alternate method of obtaining a solution of the
simultansous equations (122) and (123) is to plot each of these two equa-

tions as p”: vs on the same graph and determine the point of inter-

"
20
section of the two curves. It may be found that in some cases more rapid
convergence is obtained by this method.)
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Calculation of p" and p“‘o
t 4

P, = 20 atmos
TZ = 3800°K;

TABLE 1

from equations (122) and (123)

[}
= ,5984 (atmos) i,

= 1.032 (atmos) *

Trial 4

3.51

.0114640 |

1.42989
-14.4160

.022928

. 270193
-4.54698
9.3733
9.3732

-.0001

Trial 1 Trial 2 Trial 3
W
P"z 4,35 3,00 3.43
c, .0074634 .0156918 .012003
Cie 1.37607 1.47476 1.4362
Ciy -13.3412 -15.0826 -14.520
ki) .0149268 0313836 .024006
Kig . 232611 .302019 . 27463
Kys -5,50442 -3.95870 -4.4551
Pugo (Eq. (122)) 9.23306 9.30578 9.3768
Pugo (Ea- (123)) 12.9320 7.4068 9.0550
APy, +3. 6989 -1.8990 -.3218
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Using equations (106) through (109), respectively, to calculate the
values of the partial pressures of the remaining four coanstituents,

=l
B, = (Kpcng) Pugo \2 - [(.3758)(9.3732) J « 1.00710 atmos,
Pheg st J
P K.P(n 0) pﬂ (.5984)(9.3732) = 2.99382 atmos
oM —J—-—r—i— s . ,

PuT (3.51)"

P, = Kpmz, 9"3 s (I.IOT) (3.5|)‘i 2.07396 atmos,

B = KPuog) K:("L"’ Prao _ (1032)(.3758)(83732) | 1.03566 atmos .
e 3.51

Rounding off to three decimal places all of the values of partial pres-
sure obtained above, and adjusting the largest of these values ( Pugo )

slightly in order to give a total (p,) of 20.000, the following values of
partial pressure (pj'l) are obtained:

p“z = 3,510 atmos
9. 37
pﬂgo * ’
po = 1.007
e
Pou = 2.99%4
R = 2,074
1.036
P *
z pP. = p: = 20,000 atmos
o

Step 13, Total Number of Moles of the Final Mixture
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U sing equation (75),
?n'iMw(i)
n = p —_—
272 ZeyMwy)
j

]
Mg Mwing) + Mop Mwiog

*n

f (1) (2.0160) + {.8) (32.0000)

Pugo Mwiugor + P M"(u,\ + po,MW(o,t + P, Mwion + P Mwiy + B, Mwy

= 20.000

or n, ® 1.29676 .

Step 14. Composition of the Final Mixture

Using equation (73) and values of pj calculated in Step 12,

n P (9379 (129676
"0~ p e * 20.000
n, = 3'.‘3.“ . (3.510){1.29676)
= p, ° 20,000

Po . 1.007)(1.29676)
Nop * ot M * T 000
2

Po (2.994) (1.29676)
Moy = o=y = 20.000
2
P 2.074) (1.29676
ne @ ohony = EENGEES
2
ne = ‘g.. ny = (l.OSG)(I.?“?G)
2 ?“j s a,
43
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l_(o.sn)u 8.0160) +(3.510)(2.0160)4(1.007)(32.0000)+(2.994)(17.008014(2.074)(1.0080)+(1.036)(16.000)

s .608116

. 227581

.065292

s ,194125

= ,134474

 J 3067172

= 1,29676

T~

e
——
e



Step 15. Properties of the Final Mixture

a. Mole Fractions

Ny Puso 9.379
x“go H ﬁ;‘o H 3 = —m E .46895
_ Du 403 N
Xyp * Fot ° g ° 330 * .17550
xOg -3 ﬁz— - Fz—- 3 zo.ooo ] . 5 35
. Now . Pm . 2994 -
Xou = _nz P, 20.000 . 14970
s P 2.074_
Xw =, p, ~ 20000 = .10370
=M . P . Loz - .05
Yoo *, P, 20,000 = .05180
3 x = 1.00000

J
b. Molecular Weight
Z x. My
(i)
[
XnHy0 Mw(”gO) + XHa Mw(ng) + Xo, MW(Og)
+ Xon Mwigy X Mwiy * Xo Mo

= (. 46895)(18. 0160)+(. 17550) (2. 0160)
+ (. 05035)(32. 0000) + (. 14970)(17. 0080)
+ (. 10370)(1.0080)+ (. 05180)(16. 0000),

Mw,

or

c. Molal Heat Capacity*

At T, = 3800°K,

Cp‘“zo) = 13, 87 cal/{gm mole){°K),
Cpm‘, s 9.10 cal/(gm mole)(°K),
Cpm') s 9.85 cal/{(gm mole)(°K),

* The molal heat capacities for HZO‘, H,, OZ and OH were obtained from Figure 16
through 19, respectively; and the values for O and H were calculated from enthalpy
data given in Ref. 7, page 22.
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T S R B R R+

s 9.115 cal/(gm mole)(°K),

Co () = 4.965 cal/(gm mole)(°K),
Cp (o) s 4.965 cal/(gm mole)(°K).
C, ?X' Coyj

Xug0 cpmzo) + Xug cpmz) + Xo, cP(oz) + Xou ?D(om
+ Xy Cpy, + %o Cp,

= (. 46895)(13.87)+(.17550)(9.10)+(.05035)(9. 85)
+ (. 14970)(9.115)+(.10370)(4. 965)+(. 05180) (4. 965),

or

sz = 10. 7339 cal/(gm mole)(*K).

d. Specific Heat Ratio

CPZ 10,7339

% - G, R ® 10.7339-1.98719 - l-2272.

e. Heat of Formation AH'f(j), of Each Product at the Initial Temperature*

By definition of AH’f(j), in the same manner as in Step 8 for the

initial mixture, the heat of formation of an element (in its standard
state of aggregation) at t1 is equal to zero. Therefore,

' s 0,0,
aH '(Ng’

[ ]
= 0.0,
From the literature, at tL = 18°C,

AH = +57,801%* cal/gm mole,
fL (Hg0)

but, since tL = tl in this case,

' = = +57,801 cal/gm mole.
a Hf (ng0) AH'L(M,O)

* See footnote in Step 8, par. e.
*% Ref. 2, page 255,
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From the literature, at tL s 25°C,
AH'L ton) ® -9.310% cal/gm mole,

AH'L (s = -51,900% cal/gm mole,

AH
,L(O’
but, since tL e 1:l in this case, Equation (81) is used to calculate

= -59,100% cal/gm mole,

values of AH"(" for OH, H and O**:
i

ARy = Sy THyr 2He . (81)

Values of H'j and EH'e(j, obtained from the literature for OH, H

and O are indicated in Table 2.

From the above data and equation (81),

- - [} ]
AHgom = AHfuom How * 2:Hecom

2 -9,310 + 47.9 - 48.5 = -9310. 6 cal/gm mole;

[} ] ]
AHt =AM 0 P t ZHetm

-51,900+33.2 - 24.0 = -51,890.8 cal/gm mole;

] ] 1
AHg = 8Hf v “Hi +2H9(o)

-59,100+433.2 - 24.5 % -59,091. 3 cal/gm mole.

* Ref. 7, page 26.
** The difference between AH'{U) and AHfL i) for this case (t; - t, = 7°C) is negli-

gible (<0,1%). The calculation of A H‘fm according to equation (81) has been included

for purpose of illustration,
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TABLE 2

Literature Values of Enthalpies, cal/gm mole of "j"

] (]
Component Hj EHQ (j) Reference
"y (cal/gm mole) (cal/gm mole of "j'")
OH -47.9 | -48.5 Calculated (#) from |
H -33.2 -24.0 data in Ref., 7,
o -33.2 -24.5 page 22 and Ref. 2,
page 216.
* The calculation of H and zHe( i) from data obtained in References 2 and 7 is shown
below for OH.
1’l d
H . CH) 41 - aT 2 C T-T
(oW) = / (dT )(on) CP(O,,, = CP(OH, (Tl L ) ’ (124)

~ ° ‘ cal
where Cp(ou) = mean Cj between T (298°K) and T, (291°K) = 6. 8421 (e mola) °1;
therefore, H'(on) = (6.8421)(291-298) = -47.9 cal/gm mole.

The formation reaction for one mole of OHis 1/2H + 1/2 02—>0H; then,

ZH',M :n,, pm(T T.) +no, Chrog) (1-7) ,

P

where Ep("z, s mean C_ between T, (298°K) and T (291°K) = 6. 86 cal/(gm mole)(*K),
and .C-p‘oa, s mean Cp between Ty (298°K) and Tl (291°K) = 7.00 cal/(gm mole)(°K);

2 H

¢ (on) (1/2)(6.86)(291-298)+1/2(7.00)(291-298) = -48. 5 < o mole TOR

The values of the heats of formation, AH'f(j), calculated above, are summarized

for convenience in Table 3.
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TABLE 3

Heats of Formation of Products, cal/gm mole

‘AHfm,» SHton | 2Htmg0 | 4 Ht (om AHE ) AHt o

0.0 0.0 +57, 801 -9310.6 -51,890.8 -59,091.3

Step 16. Heat of Reaction, Energy Release per Mole of Initial Mixture

Using data from Step 14 and Step 15 (par. e},

Zn AH, +NyAHg,  + NogdHy o+ NoyaHy i+ 0 aH, |+ AH

fij) Mugo 2 Hf (00 fo

= (. 608116)(+57,801)+(.227581)(0.0)+(.065292)(0.0)
+ (. 194125)(-9310. 6) +(. 134474)(-51, 890. 8)+(.067172)
(-59,091. 3)

+22,395.0 calories;

Ei.'niAHfm My, 8H + Mo, AHf(Oz)

"

(1) (0.0) + (1/2) (0.0) = 0;

n

| n'“z + n.oz H '+é a '-5 mo"s 3

then, by equation (83),

2ny MMy - Zn AH'ry
J +22,395,0 -0.0

AHp = n = 1.5

or AHp = +14,930.0 cal/gm mole of initial mixture.
Step 17. Energy Release Function

Using equation (84) and data from Steps 7, 8 (par.d) and 16,

AHgp . +14,930.0 = 18.407;

B-= -XTE?.—_ - (1.4026)(1.9871 9)(291)
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Step 18,

Step 19.

Step 21.

Step 22.

Step 23,

Step 24.

Gamma Ratio

From Figure 5 and data from Steps 8 (par. d.) and 15 (par. d.)
or by direct calculation,

p.A 1.2272

T L 1.4026 = .87495.
[}

Molecular Weight Ratio
Using data from Steps 8 (par. b ) and 15 (par. b ),

My, 13.8930

My, * T1z.0107

= 1.15672 .

The Dimensionless Parameter E

From Figure l and data from Steps 15 (par. d ) and 17, or using
equation (47),

2
E:(¥,-1)8 =|:(1.zz7z)~’--1:| [18. 407] = 9.31431 .
Gamma Function

From Figure 2 and data from Steps 8 (par. d ) and 15 (par. d ),
or using equation (48),

2
I-= 1, -3, . (1.2272)%- 1.4026 _ o 1g3146
Y (% 1) 1.4026(1.4026-1)  ° .

Pseudo-Mach Number (Squared)

From Figure 3 and data from Steps 20 and 21, or using equation
(45),

M' =2B + 2T = (2)(9.31431)+2(0.183146) = 18.99491 .
Mach Number (Squared)

From Figure 4, and values of ﬁlz and %from Steps 18 and 22,

— '
Mlz = 19.0 (Same as Mlz within the accuracy of reading Figure 4).

2
1

From Figure 9 and data from Steps 8 (par.d ) and 23, or by
direct calculation,

The Dimensionless Parameter Y, M
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¥ M2 = (1.4026)(19.0) » 26.65 .
Step 25. Temperature - Molecular Weight Ratio

From Figure 8 and data from Steps 15 (par. d ) and 24, or using
equation (85),

My 4 :
T © THrp (B + r ¢ 2)

1.2272 1
B —— (26‘ 65+ + 2)
(1.227241)2 26.€5

= 7.0972,
Step 26. Final Temperature
Using data from Steps 7, |9 and 25,

2
- *
2* T\ My, My

1

T - T

1
2

= (7.0972)(1. 15672)(291)

= 2389°K ..
Since this calculated value of T, did not check the assumed value

2
(Step 10), other values of T2 were assumed and Steps 10 through 26

were repeated until sufficient data were obtained to permit graphical
determination of the correct value of T, corresponding to the assumed
pressure.

A plot of A pnzo S PH, (assumed) for each assumed T, is shown
in Figure 21, and a plot of Tz (“13\11.“‘) A '1'2 (.'m) is shova ia
Figure 22 (For Trials 1 through 29, i.e., for p (assumed) * 20,00

ntno;). Table 4 lists principal intermediate values cslculated in these
trials.

The correct value of T, corresponding to the first assumed ) ) of

20,00 atmos is shown in Figure 22 to be 3565°K (she point of iater-
section of the curve with the 45° line). This waluse of T, 18 also isdi-
cated in Table 4 (Trials 25-29) o8 T (4asusted)®
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It was considered that the value of T obtained in Trial

2(adjusted)

29 as described above was so close to the value of TZ(; ssumed) that

further calculations were not warranted. This was considered to be
justifiable since the thermodynamic data (l% and Cp)available were

not of sufficient accuracy to give data different from that obtained in
the last trial (Trial 29). Hence, all intermediate values calculated in
the last trial (Trial 29), based on the assumed T, for that trial, for
all practical purposes can be considered to be accurate values corres-
ponding to the adjusted T 2°

Step 27. Pressure Ratio

Using the values of Xz and X'Mlz from Trial 29, then from Fig-

ure b or using equation (87),

B Tm G

1
13071471 (37.3793 +1)

17. 3887 .
Step 28. Final Pressure

Using data from Steps 6 and 27,

P
pp= — - p, = (17.3887)(1) = 17. 3887 atmos.

P]
Since this calculated value of P, did not check the assumed value

(Step 9), other values of p, were assumed and Steps 9 through 28 were

repeated until sufficient data were obtained to permit graphical deter-
mination of the correct value of pz.

A plot of APHZO vs pﬂz(auumed) for each assumed TZ is shown
in Figures 21, 23, 25, 26 for assumed pz's of 20, 17, 17.17 and 17. 20,
respectively. A plot of Tz(calculated) vs TZ(asaumed) is shown in
Figures 22, 24 and 27 for assumed pz's of 20, 17 and 17. 20, respectively*,

* For an assumed p, of 17.17, no plot of Tz(calculated) vs TZ(auumed) was necessary

since the calculated TZ for the first trial was so close to the assumed Tz that additional
trials were not warranted.
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Step 29.

Step 30.

Step 31.

Figure 28 shows a plot of pZ(caIculated) vs p?.(auumed)' Table 4

lists principal intermediate values calculated in Trials 1 through 53.

The correct value of the final detonation pressure, p_, is shown

in Figure 28 to be 17.22 atmos (the point of intersection of the curve
with the 45° line). This value of P, is also indicated as pZ(adJusted)

in Table 4,

It was considered that the value of pZ(adjuated) obtained in Trial
53 as described above was so close to the value of p that
2{(assumed)

further calculations were not warranted. Hence, all intermediate
values calculated in the last trial (Trial 53), based on the assumed p

for that trial, can be considered to be accurate values corresponding
to the adjusted P,

Detonative Mach Number

Using the value of M, 2 from Trial 53,

M :_/ ./26 40 = 5,13809.

Detonation Velocity

Using equation (89) and data from Steps 7, 8 (pars. b and d )

and 29,
pey [ILRT
1 Mw,

) (4.185x 107)(1.4026)(1. 98719)(291)
= 5.13809 12,0107

= 2.73149x10° cm/sec.
This detonation velocity expressed in more common units is

2731.5 meters/sec

or

8961, 6 ft/sec .

Calculation of Additional Data
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WADC TN 54-13

b.

C.

Density Ratio

Using the values of —p—- and-,-i-,—-——— from Trial 53,
1 mw,

then from Figure 10 or using equation (15),

P T,Mw
U 271 17.2269

. = 1.78007 .
P P, T\ My, ~ 9.67764

Initial Density

Using equation (90) and the values of Pl' T1 and Mwl from

Steps 6, 7 and 8 (par. b ) of this sample calculation,
Mw P
171 {12.0107)(1.0133x108%) _4
R = JRT, ™ 14.185x107)(1.98719)(291) = > 02895x10 gm /cnm)

or initial density is 0.5029 gm/liter.

Final Density

Using the above values of —&-

P

and s
, A

R = _gz - P = (1.78007)(5.02895x 10~ 4
[

® 8.95188x10°% gm/cm3,

or final density is 0, 8952 gm/liter.



—

L e RS e e e L

R ———

a. Density Ratio

Using the values of — and——-——— from Trial 53,
Pp TiMw,

then from Figure 10 or using equation (15),

L B ToMwy 172269
p' P, TIMWZ '9. 67764

= 1,78007 .

b, Initial Density

Using equation (90) and the values of P,, T and Mwl from

1 1
Steps 6, 7 and 8 (par. b ) of this sample calculation,

M
iR (12.0107)(1.0133x106)

_4
A ® JRT, * (4.185x107)(1, 96719)(291) ™ 5.02895x10"“gm /crm)

or initial density is 0.5029 gm/liter.
c. Final Density

Using the above values of -& and p ,
e i

B = % P = (1.78007)(5.02895x 10~ %)
[}
= 8,95188x10"4 gm/cm3,

or final density is 0,8952 gm/liter.
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